Heat fluxes have been recognized as determinant regarding the river effect on microclimate. The relationship between rivers and the atmosphere is particularly significant for heat fluxes and varies with the meteorology and hydrology. In this study, based on annual observation data from the Songhua River Basin (Harbin, China), a regression and a stochastic model were used to analyze the relationship of the atmosphere-river daily maximum temperatures and evaluate the heat fluxes. The root mean square error (RMSE) of the river temperature was 2.21 ∘ C with the regression method, improving to 0.83 ∘ C with the stochastic model. The net shortwave radiation flux was the dominant heat gain component, while the latent heat flux accounted for the main heat loss. The sensible heat flux represented the smallest contribution. The river thermal effect in summer mainly resulted from the latent heat exchange, while the effect of the sensible heat exchange tended to be stronger in spring and autumn.
Introduction
The rapid urbanization of large Chinese cities led to environmental impacts resultant from anthropological emissions. The urban heat island (UHI) phenomenon has obtained wide attention as a significant thermal environmental problem. In many cases, land cover changes affect the variation in the atmosphere temperatures through heat exchange processes. Previous studies found that the UHI can be mitigated with certain land cover types such as green spaces and water bodies [1] [2] [3] [4] . Rivers within urban areas have a positive effect on their microclimate, naturally cooling the surrounding areas because of evaporation in hot conditions or heating them through heat exchange in cold conditions [5] [6] [7] [8] . These natural processes highly depend on the meteorological conditions and physical characteristics of rivers.
The atmosphere and river temperatures play an important role in the thermal effect of rivers on the atmosphere and their relationship can be analyzed through several methods. Regression methods involve one input dataset (e.g., atmosphere temperature) and one output dataset (e.g., river temperature), while simple regression models have been successfully used in early stages [9, 10] . Linear regression proved to be an easy and sometimes quite effective method for weekly or monthly time scales [11, 12] . The river temperature has been shown to respond linearly to the atmosphere temperature for different time lags (days, months, seasons, and years) and regions, with better fits for increased time scales [9, 12] . In addition, nonlinear regression models have been used on average weekly basis [13, 14] , with the most widely used being the logistic function model proposed by Mohseni et al. [13] to analyze the weekly mean maximum and average daily temperatures [15, 16] . However, the logistic regression performs poorly for daily data [16] . Stochastic models have often been used to analyze daily temperatures, while variable approaches have been used to model the longterm annual and short-term residual components [17, 18] .
The abovementioned studies mainly focused on the temperature relationship. However, heat exchange processes in the atmosphere-river interface must be considered when studying energy mechanisms, to understand the reactions involved in climate changes. The thermal mitigation effect 2 Advances in Meteorology of rivers is mainly based on two heat exchange processes: evaporation, which depends on the atmosphere and river temperature, moisture content, and other meteorological variables, and sensible heat exchange, attributed to the temperature differences between the atmosphere and the river. The heat flux components can be calculated using meteorological data, as described in previous studies [19] [20] [21] . The magnitude and importance of the river heat budget components vary depending on the spatial and seasonal conditions. The heat exchange between the river and the overlying atmosphere can either add or subtract energy from the river reaches. However, most of the above studies were limited to a hydrological perspective, mainly focusing on the atmospheric effect on rivers, predicting their temperature and heat gain and evaluating the effects on river discharge, aquatic habitats, and ecosystems. Previous studies have discussed the heat exchange in lakes [22] [23] [24] , with only few dealing with the thermal regime of large rivers [25, 26] . Previous research based on observations analyzed the thermal mitigation on the atmosphere by urban rivers in China [27, 28] . However, these studies were performed for relatively short and discontinuous time scales or in South China, where the climate is very different from Northeast China.
Therefore, to understand the annual thermal effect of large rivers on the adjacent atmosphere in severely cold regions, we analyzed the temperature relationship and heat exchange processes between the atmosphere and rivers for different seasons. Based on long-term observation data, the annual microclimate variables for the observation sites were discussed to illustrate the meteorological characteristics of the Songhua River Basin, while models were used to explore the relationship between the atmosphere and river temperature. Finally, the heat components were calculated to analyze the seasonal river effect on the atmosphere, defined by the meteorological parameters, and their influence on the temperature.
Study Site
The observations were conducted in the Harbin section of the Songhua River in the Heilongjiang Province, Northeast China (∼45 ∘ 25 -45 Figure 1 ). Harbin is a large city located in a severely Chinese cold zone, with a population of over ten million, and crossed by a large river, the Songhua. The Songhua River flows from west to east, with a large runoff of over 2000 m 3 /s in summer and an average width of over one kilometer. Harbin is located in the middle of the basin, with a watershed of 389769 km 2 . The hydrological station, from which multiple river measurements were obtained, is shown in Figure 1 . To determine the climatic conditions of the basin, meteorological data were collected from a station located near the river (Figure 1 ), assuming that lateral cross-estuary variations were negligible. The variables measured included the atmosphere and river temperature, relative humidity, wind speed, and solar radiation during 2013. The river temperature was measured 0.1 m below the river surface. River data were obtained hourly for April 15-October 23, 2013 , to avoid river ice conditions (freezing-thawing). The monthly averages of the main climatic parameters are summarized in Table 1, showing that Harbin has distinct seasonal characteristics, being cold, windy, and dry in spring, with additional freezing conditions in autumn, and humid with concentrated rainfall in summer. The monthly difference between the maximum and minimum atmospheric temperature was much higher than for the river, especially in spring and autumn.
Methodology

Temperature Relationships between the River and the
Atmosphere. Regression models have been used to examine the relationship between the atmospheric and river temperature using only one of them and including mostly weekly and monthly data. First, the relationships between the atmosphere and river temperatures were investigated using a linear logistic function [13] for the daily maximum and weekly mean maximum temperatures:
where is the estimated river temperature ( ∘ C), the measured atmospheric temperature ( ∘ C), the estimated minimum river temperature, the estimated maximum stream temperature, the atmospheric temperature at the inflection point of the function, and a measure of the steepest function slope.
Since regression methods could only show simple relationships, we also used a stochastic model [17] to search for further daily relations. This model separated the timedependent temperatures ( ) in two different components: the annual long-term component ( ) and the short-term residuals ( ) as follows:
where is the Julian day number; for example, January 1 is day 1 and December 31 is day 365. The annual component of the river and atmosphere can be represented by a Fourier series analysis [17] or a sine function of the time-series [18] . In the present study, a sine function was used, given its simplicity and good accuracy [15] :
where ( ) is the long-term component of a temperature time-series ( ∘ C) and , , and 0 are the fitted coefficients. To model the residuals, the second-order Markov process was used [18] . The residual component of the river and atmosphere can be obtained by subtracting the actual temperature from the annual components. There are several approaches to model the residual time-series, each with its own characteristics [15] . Previous studies showed a comparatively good performance and simplicity for the second-order Markov model [15] . Therefore, the residuals time-series was used to calibrate it: where ( ), ( − 1), and ( − 2) are the residuals of the river temperature at times , − 1, and − 2, respectively, ( ) is the residual of the atmospheric temperature at time , 1 and 2 are autoregressive coefficients, calculated by autocorrelation coefficients for a lag of 1 and 2 days, and is a regression coefficient reflecting the heat exchange between the river and atmosphere temperature.
River-Atmosphere Relationship on the Heat Flux.
The heat budget for the atmosphere-river interface is one of the most important elements to understand the influence of urban rivers on a city's thermal climate. For a relatively small spatial and short time scale, it can be assumed, for urban rivers, that the changes in temperature along the river are small compared to the temporal changes, once the river reaches a uniform temperature [29] . The main components of the heat flux are the net radiation (including the net shortwave and longwave radiation) and the latent, sensible, and conductive heat fluxes in the river underlayer. Although other components can be considered, such as the river bed heat flux, their contribution is generally small compared to the above components [19] . If we mainly consider the river surface and use the energy balance of the heat processes at the surface, the heat gain should equal the heat loss, with a total 4 Advances in Meteorology heat at the surface of zero. Therefore, the heat budget for the atmosphere-river interface can be expressed as follows [30] :
where is the net shortwave radiation (W/m 2 ), is the net longwave radiation (W/m 2 ), net is the net solar radiation (W/m 2 ), and are the sensible and latent heat fluxes at the atmosphere-river interface (W/m 2 ), respectively, is the heat conduction flux from the river surface to the inner river body (W/m 2 ), ↓ is the downward shortwave radiation to the river surface through the atmosphere (W/m 2 ), ↓ is the downward longwave solar radiation from the atmosphere (W/m 2 ), is the Stefan-Boltzmann constant (5.67
is the upward longwave solar radiation (W/m 2 ), and are the absolute temperature of the atmosphere and river surface (K), and and are the surface shortwave reflection and radiation coefficients, assumed as 0.07 and 0.96, respectively, and relevant to the surface state and solar height angle.
One of the main components of the heat fluxes and perhaps the most difficult to estimate is the evaporation from the river surface. Evaporation represents the primary river heat loss, with an associated increase in the atmospheric humidity. Various methods to deal with the evaporation have been proposed for lakes [31] and rivers [32] . The easiest and most widely used method is the mass transfer method, proposed by Harbeck et al. [33] . Since then, many methods were developed including more variables and fits for different time scales [30, 34, 35] . A comparison of these methods for different areas showed that the Penman method [30] provided relatively good results for daily estimations [26, 31] . Once the evaporation rate was estimated (9), the latent heat became a function of the atmospheric temperature and its flux could be calculated by (11) [19] :
= 2454.9 − 2.366 ,
where is the evaporation rate (mm/day), the latent heat of the river vaporization (J/kg), the density of the river water (kg/m 3 ), the slope of the saturated vapor pressuretemperature curve (Pa/ ∘ C), the psychometric constant (Pa/ ∘ C), the wind velocity 2 m above the river surface (m/s), the saturated vapor pressure at atmospheric temperature (mb), and the vapor pressure calculated for the atmospheric temperature and corresponding relative humidity (mb).
The sensible heat refers to the difference between the river and atmosphere temperature and is usually affected by atmospheric turbulent conditions, such as the pressure and wind velocity. The expression used in this study was as follows [26] :
where is the atmospheric pressure (mmHg). In heat balance calculation (6), the heat gain of the river surface was positive, while the heat loss was negative. Therefore, the net shortwave radiation was always positive. The latent heat flux represents an energy loss, with usually becoming negative. The sensible heat flux depends on the temperature difference and can be positive or negative. The conductive heat flux into the river was calculated by the other components. If heat was conducted from the surface to the river underlayer, the conductive heat flux was negative, or vice versa. 
Results and Discussion
Time Variation of Typical Meteorological and
Hydrological Variables 4.1.1. Meteorological Variables. As shown in Figure 2 , there was a gap in the surface data in spring due to equipment maintenance, during which no data was collected. To illustrate the annual seasonal change, the measured data was grouped in three seasons based on temperature: spring (April-May, days 91-151), summer (June-August, days 152-243), and autumn (September-October, days 244-304). All variables showed the same seasonal trend with higher values in summer and lower in spring and autumn, except for the wind velocity, which showed a relatively opposite pattern (Figure 2 ). The maximum atmosphere temperature (27.13 ∘ C) occurred on July 1 and the minimum (−2.06 ∘ C) on October 21 (Figure 2(a) ). The average seasonal temperatures in spring, summer, and autumn were 11.95, 22.46, and 11.52 ∘ C, respectively. The maximum temperature differences between two consecutive days in spring (10.26 ∘ C) and autumn (14.78 ∘ C)
were much larger than in summer (4.44 ∘ C), indicating unstable atmospheric conditions in spring and autumn and relative stability in summer.
The relative humidity time-series showed a consistent pattern with seasonal variability (Figure 2(b) ). The mean seasonal values varied from 52.16% in spring to 70.42% in summer, with a dramatic rise in spring.
The wind velocity showed a different pattern ( Figure  2(c) ), being lower in late summer and early autumn and higher in spring and late autumn, with the highest value (9.47 m/s) observed on May 2.
The solar radiation also showed a seasonal trend but did not vary smoothly throughout the year (Figure 2(d) 
Hydrological Variables.
Compared with the atmospheric temperature variation (Figure 2(a) ), the surface river temperature showed a much smoother annual trend (Figure 3(a) ). Its maximum daily range (maximum difference between the daily maximum and minimum) was 1.50, 1.04, and 1.28 ∘ C in spring, summer, and autumn, respectively. The values increased from 2.61 to 22.82 ∘ C in spring with a slightly reversed trend in May, while, in summer, they were relatively stable, with an average of 24.37 ∘ C. The river temperature slope largely decreased in autumn from 24.23 to 6.74 ∘ C. Compared with Figure 2 (a), this variation was consistently stable with some seasonal dependency. The maximum temperature difference between two consecutive days was relatively smaller in summer, mainly because of the large heat capacity, runoff, and heat exchange of the river, which are responsible for its thermal mitigation properties in the adjacent environment especially during hot summers.
The annual average runoff of the Songhua River in Harbin was 1976.88 m 3 /s (Figure 3 , which is attributed to the large rainfall in summer and drought since late autumn, with the former incrementing and the latter decreasing the runoff.
Relevance of the River and Atmospheric Temperature.
The daily maximum temperature acts as a signal of the diurnal river activity and weather conditions, with a more likely atmosphere-river interaction for intenser thermal regimes. Therefore, the daily maximum values were used to analyze the relationship between the atmosphere and river temperatures.
Since different models were used to study the relationship between the atmosphere and river temperatures, the root mean square error (RMSE) was used to compare their relative performance [36] :
where sim is the maximum simulated river temperature ( ∘ C), obs the maximum observed river temperature ( ∘ C), and the number of daily river temperature observations.
Regression Models.
To evaluate the relationship between the atmosphere and river temperature by regression analysis, both the linear and logistic functions were applied to daily and weekly data. The daily maximum temperature showed a significant scatter and the RMSE of the linear regression was 4.94 ∘ C (Figure 4(a) ). The data were plotted according to the seasons, with better correlations as the time scale increased to weeks (Figure 4(b) ) and the RMSE decreased to 2. 
The logistic model for the daily maximum temperature on a weekly average basis was better than the regression model, with an overall RMSE of 2.21 ∘ C.
Stochastic Models.
Since a time scale of weeks is not precise for microclimate studies, a stochastic model was used for a daily analysis of the interactions in the temperature time-series. The annual components of the maximum temperature were regressed using (3) to obtain the following equations: 
where ( ) and ( ) are the long-term components of the atmosphere and river temperature ( ∘ C), respectively. The atmosphere and river temperatures had similar trends for all seasons ( Figure 5 ), even though their maximums were different and occurred in different days. The long-term component of atmospheric temperature peaked on July 16 (day 197) with a value of 27.89 ∘ C, while the river temperature peaked on July 23 (day 204) reaching 26.45 ∘ C. The maximum river temperature revealed a six-day hysteresis in relation to the atmosphere because of the river's large thermal capacity. The daily atmospheric temperature residuals varied more compared to the river.
The residual component was obtained by removing the annual component from the actual temperature. The resulting time-series was analyzed to link the atmospheric and river temperatures. The river residuals were calculated as follows: Combining (2) with (15)- (16), the daily maximum river temperatures were calculated, with a good agreement between simulated and observed values and a RMSE of 0.83 ∘ C. The simulated and observed temperatures were very close during most seasons ( Figure 6 ) and especially in summer. However, the maximum temperatures were slightly underestimated in spring and slightly overestimated in late autumn.
Heat Fluxes at the River-Atmosphere Interface
Evaporation in the River.
The river evaporation and corresponding fluxes were calculated with (9)- (11) . The daily and monthly average evaporation rates are shown in Figure 7 and determine the latent heat flux between the atmosphere and the river and the capability of moistening the adjacent environment. The rates ranged −6.67 ∼ +14.96 mm/d and averaged 4.28 mm/d. The maximum rates were reached in April, with a decline in the main trend in the following months (Figure 7(b) ). The atmosphere was relatively dry in spring leading to a higher moisture transfer and meaning that the humidifying effect of the river was stronger.
Negative evaporation rates (condensation) mostly occurred in spring and autumn, when the atmospheric temperature changes were more rapid than for the river surface (Figures 2(a) and 3(a) ). Because of atmospheric instability, frequent transitions in the temperature and vapor pressure are common over the river during spring and autumn, while, due to its large heat capacity, the river itself remains relatively stable. A combination of high humidity and relatively high river temperature with low wind speed and near-freezing atmospheric temperatures favored condensation over evaporation. (5)- (6), the heat flux at the atmosphere-river interface results from an energy exchange through solar radiation (net shortwave radiation), net longwave radiation, latent heat flux, and sensible heat flux. The net radiation represented the main input to the energy balance at the interface. Figure 8 shows the daily and monthly variations in the net radiation.
Net Radiation Components. As shown in
The net shortwave radiation fluctuated daily (Figure 8(a) (Figure 8(b) ), it was highest in June and lowest in October.
The daily average net longwave radiation was mostly negative (Figure 8(a) ), as the outgoing longwave radiation (from the river) was mostly larger than the incoming (from the atmosphere), owing to the lower daily average atmosphere temperatures compared to the river. The monthly average net longwave radiation was always negative except in April (Figure 8(b) ).
The net radiation includes the integrated net shortwave and longwave radiation, with the net shortwave radiation representing the main heat gain. The averages were mostly positive in spring and summer (Figure 8(a) ) and negative in autumn. The monthly average net radiation was always positive, except in September, because of the large negative net longwave radiation values (Figure 8(b) ). The lowest positive net radiation occurred in August, when the internal river temperature remained low and stable compared to the atmosphere.
Energy Budget Components.
The energy budget for the atmosphere-river interface can be divided into four components: the net radiation and the sensible, latent, and conductive heat. Figure 9 shows the dynamic energy budget for the river-atmosphere interface according to (5)- (12) . The incoming and outgoing energy fluxes are shown in Figure 9 . The daily averages and percentage contributions of the seasonal heat flux gains and losses are shown in Table 2 . The plus sign represents heat gain to the river surface and the minus sign represents heat loss.
The net radiation ranged between −386.13 W/m 2 on September 29 and 737.01 W/m 2 on April 24 ( Figure 9(a) ). As the most important source of heat to the river, it accounted, on average, for more than 86% of the total heat gain in spring and summer (Table 2) , mainly due to the net shortwave radiation (Figure 8 ). On the other hand, for the reasons mentioned above, the net radiation constituted over 46% of the total heat losses in autumn and only 7% in spring and summer.
The latent heat flux from the river surface occurred almost daily, varying between months (Figure 9(a) ). The maximum daily loss (−635.21 W/m 2 ) occurred on April 25, while the maximum daily gain (201.08 W/m 2 ) occurred on September 3. According to (9) , the latent heat flux varied with the weather conditions, increasing with high wind velocity and low humidity (Figure 2 ). The contribution of evaporation to the heat loss was highest in April and June and lowest in September and October (Figure 9(b) ). In terms of percentage (Table 2) , the average daily heat losses from evaporation represented 64, 75, and 35% in spring, summer, and autumn, respectively. The large proportion in summer indicates the moistening capacity of the river, resulting in a higher relative humidity in summer on the adjacent thermal environment (Figure 2(b) ). Heat gain due to the latent heat flux had contributions of 2.68, 3.61, and 19.4% in spring, summer, and autumn, respectively, which may be attributed to condensation caused by the relatively higher river temperature and near-freezing atmosphere temperature in autumn.
The monthly average sensible heat flux had a maximum heat gain of 20.88 W/m 2 in April and a maximum heat loss of 17.44 W/m 2 in September. The minimum heat exchange by sensible heat occurred in June (5.62 W/m 2 ). The mean daily energy exchange owing to sensible heat transfer was relatively small, accounting on average for less than 2.5 and 5.8% of the total heat gains and losses, respectively ( Table 2 ). The sensible heat fluxes were generally lower in summer than in spring and autumn and mainly negative (Figure 9 ), which is attributed to the frequent fluctuations in the daily average temperature differences between the atmosphere and the river (Table 1) . Although the maximum atmospheric temperature was higher than the river temperature, their daily average difference was relatively small. Except for heat losses in autumn, the thermal effect (cooling or heating) of the river on the atmosphere as sensible heat was not obvious during the observations. The conductive heat flux indicated that the river heat gain or loss ranged between −311.79 W/m 2 on April 10 and 332.38 W/m 2 on May 2 ( Figure 9(a) ). The monthly averages showed that the conductive heat flux was the second largest contributor to the heat loss in spring (26.25%) and the largest to the heat gain (39.07%) in autumn (Table 2) , explaining the river temperature rise in spring and decrease in autumn (Figure 3(a) ). In summer, both negative and positive components were small, according to the comparatively stable trend of the river temperature in Figure 3(a) , meaning that the summer river heat budget was at equilibrium.
In general, all heat budget components were large in spring, gradually decreasing until autumn. The heat exchange in April was almost twofold that of June and fourfold that of August. The minimum heat exchange occurred in October, representing one-sixth of the heat exchange in April. Large heat exchange fluxes between the atmosphere and the river occurred in spring, rising the river temperature. In summer, the heat exchange gradually decreased and was relatively stable, so that its intensity was small. In autumn, the heat exchange had an opposite direction and although its intensity was smaller than in summer, the opposite direction resulted in a river temperature decrease.
Conclusions
In this paper, various models were used to discuss the thermal relationship between the atmosphere and a large river by analyzing the temperatures and heat budget components of long-term observation data from Harbin, China, a city under severe cold continental climate conditions. In terms of microclimate variables, the atmosphere characteristics showed an overall higher variability than the river, with much larger differences between maximums and minimums for the study period. However, some features were shared, such as highly seasonally dependent temperature trends and relatively fluctuant conditions in spring and autumn and stable conditions in summer. The logistic regression fitted the weekly data better than the linear regression, while the stochastic model was more suitable to analyze daily maximum temperature relationships between the atmosphere and river. The difference between observed and modeled values was comparatively smaller in summer.
The heat budget components for the atmosphere-river interface varied widely in magnitude and significance, depending on the characteristics of the river and weather conditions. The net shortwave radiation flux was the dominant component of the heat gain, while the latent heat flux accounted for the main heat loss. The sensible heat flux had the smallest contribution to the total heat exchange. Significant seasonal differences in the absolute and relative magnitudes of the heat budget components affected the energy fluxes to and from rivers. All heat budget components were larger in spring, gradually decreasing until autumn. Large heat exchange fluxes between the atmosphere and river occurred in spring, leading to a temperature rise of the river. In summer, the heat exchange was relatively stable, with the main river thermal effect in the form of moisture diffusion. The heat exchange in autumn showed an opposite direction, resulting in a river heating effect on the atmosphere. Considering the relatively dry and hot summer conditions in Harbin, this thermal effect can effectively milden the adjacent thermal environment. The greatest contribution of the river for thermal mitigation was the absorption of solar radiation without a large temperature rise. The stable river conditions compensated for the relatively unstable atmospheric conditions, meaning that artificial underlying surfaces will aggravate the UHI problem as they are much more unstable than the atmosphere.
